Norwalk virus (NV) is an agent causing epidemic outbreaks of nonbacterial acute gastroenteritis in humans (21) . Since the first description of the Norwalk agent by immune electron microscopy in 1972 (22) , virus particles that appear morphologically similar in electron micrographs to NV have been associated with outbreaks of acute gastroenteritis. These agents, which have been named according to the geographical location of the outbreak, include the Hawaii agent (41) , the Snow Mountain agent (7, 31) , the Taunton agent (6) , and more recently the Desert Shield (24) , Toronto (formerly minireovirus) (26) , and Southampton (23) viruses. A number of similar agents in the United Kingdom and Japan also have been described (33, 34, 37) . Definitive classification of these viruses was elusive until recently, as these agents remain refractory to cultivation in cell culture systems and animal models.
Early biochemical studies suggested NV was a calicivirus on the basis of the presence of a single structural protein with a molecular weight of 59,000 (59K protein) (15) . The NV genome was recently cloned and found to consist of a 7.6-kb single-stranded RNA of positive polarity (17, 19, 28) , and the genome organization of NV predicted by the nucleotide sequence is similar to the organization of established animal caliciviruses for which the entire genome sequence is known, i.e., feline calicivirus and rabbit hemorrhagic disease virus (5, 29) . A similar genome organization was shown for a Norwalklike virus isolated in the United Kingdom (23) . Subsequent analysis of many other morphologically similar viruses has indicated that many, if not all, also are human caliciviruses (1, (24) (25) (26) 30) .
The NV genome has three open reading frames (ORFs) predicted to encode proteins with molecular weights of 193,000, 56,600, and 22,500 (19) . The first ORF encodes a polyprotein that shows sequence homology to picornavirus 2C helicase, 3C protease, and RNA-dependent RNA polymerase. The second ORF encodes a protein with an apparent molecular weight of 58,000 (58K protein), and expression of a cDNA encompassing the second and third ORFs in a recombinant baculovirus system results in spontaneous assembly of the 58K capsid protein into virus-like particles that can be purified with a high yield (18) . The availability of these recombinant NV (rNV) particles has made possible the development of reagents and diagnostic assays that have contributed significantly to defining the epidemiology and serologic relationships of NV and NV-like viruses (11, 13, 16, 39) .
Despite recent major advances in defining the clinical significance of NV and NV-like viruses, data concerning the biology of NV are limited because of the difficulties in studying this virus. There is no cell culture system that supports virus replication, and there is no animal model in which the virus can be passaged. Very low concentrations of virus are excreted in stool, and it is estimated that as much as 50% of the excreted antigen is soluble protein (10, 15) . Original biochemical data for NV showed that two proteins present in the stool of NVinfected volunteers were reactive with convalescent-phase antisera, a virion-associated 59K protein and a soluble 30K pro-tein (15) . The source of the 30K protein was not identified, but the protein was suggested to be either capsid derived or an antigenic nonstructural protein made in excess by the virus during infection. A similar protein composition was reported for the Snow Mountain agent (27) , with a single virion-associated 62K protein and a large amount of soluble antigen that remained uncharacterized. A monoclonal antibody made against the Snow Mountain agent by in vitro immunization reacted with the 62K capsid protein but not with soluble protein, suggesting that either the soluble antigen was not capsid derived or it lacked the epitope in the viral capsid recognized by this monoclonal antibody (38) .
A specific proteolytic cleavage of viral capsid proteins has clearly been established to be important for virus infectivity or pathogenesis in the life cycles of several viruses which replicate primarily on mucosal surfaces. Because NV also presumably replicates on a mucosal surface, we investigated whether the NV capsid protein undergoes a specific proteolytic cleavage, using baculovirus-expressed rNV particles.
MATERIALS AND METHODS
Expression and purification of rNV particles. rNV particles were prepared and purified essentially as previously described (18) . Spodoptera frugiperda (Sf9) insect cells (2 ϫ 10 6 cells per ml) were infected with a baculovirus recombinant (Bac-rNV C8) (18) expressing the capsid protein of NV at a multiplicity of infection of 1 and harvested at 7 days postinfection. rNV particles released into the medium were purified by centrifugation for 2 h in an SW28.1 rotor (Beckman) at 26,000 rpm. Pellets were suspended in water, layered onto 10 to 50% sucrose gradients, and centrifuged for 1 h at 25,000 rpm in an SW28 rotor. Peak fractions then were pooled and pelleted for 2 h at 26,000 rpm, and the pellets were suspended in MilliQ water and stored at 4ЊC. rNV particle integrity was confirmed by negative-stain electron microscopy (1% ammonium molybdate), and the protein concentration was determined with a Pierce BCA protein assay reagent system (Rockford, Ill.).
Protease digestions. TPCK (N-tosyl-L-phenylalanine chloromethyl ketone)-trypsin and TLCK (N␣-p-tosyl-L-lysine chloromethyl ketone)-chymotrypsin were purchased from Worthington Biochemical (Freehold, N.J.). Stock solutions were prepared in concentrations of 2 mg/ml in 0.001 N HCl, and serial dilutions were made in trypsin diluent buffer (pH 8.5) containing 140 mM NaCl, 5 mM KCl, 400 M Na 2 HPO 4 , 400 M KH 2 PO 4 , 220 mM glucose, and 180 mM NaHCO 3 . Digestions of rNV particles with proteases were performed for 30 min at 37ЊC in reaction volumes of 10 to 20 l. Following incubation, reactions were electrophoresed on sodium dodecyl sulfate (SDS)-12% polyacrylamide gels, and bands were visualized by staining with silver nitrate.
Concentration of soluble protein from stool extracts. Approximately 10 ml of stool from an NV-infected volunteer (no. 547) (10) was diluted 1:2 in 0.01 M phosphate-buffered saline (PBS). This 50% suspension was extracted twice with an equal volume of 1,1,2-tricholoro-1,1,2 trifluoroethane (DuPont, Wilmington, Del.), and the virus particles in the aqueous phase were centrifuged for 3 h in a Beckman 50.2 Ti rotor at 40,000 rpm. Soluble proteins in the supernatant were concentrated by the addition of saturated ammonium sulfate to a final concentration of 60% and precipitated overnight at 4ЊC. The precipitate was pelleted for 30 min in a Beckman JA-17 rotor at 4,500 rpm. The supernatant was decanted, and the pellet was suspended in 2 ml of PBS and dialyzed for 24 h at 4ЊC against PBS. The dialysate was recovered and kept at 4ЊC prior to immunoprecipitation.
Immunoprecipitation and Western blot analysis of NV protein from stool. Immunoprecipitation and Western blot analysis were performed essentially as previously described (3). NV-specific protein was immunoprecipitated from stool extracts with a rabbit polyclonal antiserum made against rNV particles (18) . Immunoprecipitation reaction mixtures were electrophoresed on SDS-12% polyacrylamide gels and then transferred to nitrocellulose for Western blot detection of precipitated proteins. The detection serum was a mouse polyclonal antiserum made against rNV particles (18) . Immunoprecipitation reactions with ammonium sulfate-concentrated soluble protein from stool extracts were performed in the same manner, but following electrophoretic separation by SDSpolyacrylamide gel electrophoresis (PAGE), proteins were transferred to Immobilon polyvinylidene difluoride membranes (Bio-Rad, Hercules, Calif.) for N-terminal microsequencing.
Trypsin treatment and sucrose gradient centrifugation. TPCK-trypsin from bovine pancreas tissue attached to beaded agarose (Sigma, St. Louis, Mo.) was used in analysis of rNV capsid protein that was to be subjected to sucrose gradient centrifugation. Digestions were performed in 10 mM Tris (pH 8.0) for 4 to 8 h at 30ЊC because of the slower kinetics of the insoluble enzyme. Following incubation, the trypsin was removed by low-speed centrifugation, and the supernatant containing digested rNV capsid protein was layered onto continuous 10 to 50% sucrose gradients. Gradients were centrifuged for 1 h at 35,000 rpm in a TLS-55 rotor (Beckman), and fractions were collected by bottom puncture and analyzed by SDS-PAGE.
RESULTS
Trypsin treatment results in a specific cleavage of rNV capsid protein. Because specific proteolytic cleavage of a viral capsid protein is a common property in the life cycles of other enteric viruses, we investigated whether a specific cleavage might occur in the rNV capsid protein. Purified rNV particles were incubated with equal volumes of serial twofold dilutions of trypsin beginning at 500 g/ml for 30 min at 37ЊC. A single predominant cleavage product with an apparent molecular weight of approximately 32,000 was observed on SDS-12% polyacrylamide gels (Fig. 1) . Several intermediate bands with molecular weights of approximately 40,000, 35,000, and 30,000 resulted from the reactions performed with the lower concentrations of trypsin, but the 32K band still was the predominant product. The origin of these other bands was not determined, but they may represent intermediates in the cleavage pathway.
To determine the site of cleavage producing the predominant 32K product, the trypsin digestion was repeated and, following gel electrophoresis, the proteins were transferred to an Immobilon polyvinylidene difluoride membrane for N-terminal microsequencing. Sequence analysis of the first 10 amino acids (aa) of the N terminus of the cleavage product showed a trypsin-specific cleavage at the C terminus of lysine residue 227 of the rNV capsid protein (see Fig. 4A ). On the basis of the location of the N terminus, the cleavage product has a predicted molecular weight of 32,100. In a previous study, immunoprecipitation of an NV-baculovirus recombinant-infected cell lysate revealed a band with a molecular weight of approximately 34,000, the N terminus of which was 8 amino acid residues upstream (aa 219) from the site of the trypsin cleavage (18) . When rNV particles were digested with chymotrypsin, a similar product with a molecular weight of approximately 34,000 was observed (data not shown). The N terminus of this product was not determined, but the product may be analogous to the 34K soluble protein detected in the insect cell lysates.
The 30K soluble protein present in stool is a cleavage product of the NV capsid protein. On the basis of the apparent molecular weight of the cleavage product obtained by trypsin digestion of rNV capsid protein, we hypothesized that this cleavage product might be the source of the 30K soluble protein detected in the stools of NV-infected volunteers. A stool extract from an infected volunteer was prepared for immunoprecipitation of NV-specific proteins. One milliliter of stool supernatant containing soluble protein was immunoprecipitated with a rabbit polyclonal antiserum made against rNV particles. The immunoprecipitation reaction mixture was electrophoresed on an SDS-12% polyacrylamide gel and then transferred to nitrocellulose. Trypsin-treated and untreated rNV particles also were included in the gel, and NV-specific proteins on the membrane were detected by Western blotting using a mouse polyclonal antiserum made against rNV. A single band was detected in the immunoprecipitate from soluble protein in the stool supernatant, and this band migrated similarly to the trypsin cleavage product of rNV observed in vitro (Fig. 2) . This experiment was repeated, and the results were confirmed with two additional samples from different volunteers (data not shown). These data showed that the NVspecific soluble protein excreted in the stools is derived from the NV capsid. Although the migration of the soluble protein and that of the rNV trypsin cleavage product in the gel were similar, it still was not clear if these two bands originated from the same region of the capsid protein. To obtain enough of this protein to determine the N-terminal amino acid sequence, soluble protein in 10 ml of stool extract was concentrated by ammonium sulfate precipitation and then immunoprecipitated and transferred to an Immobilon polyvinylidene difluoride membrane for N-terminal microsequencing. The N-terminal 10 aa of the soluble protein immunoprecipitated from the stool were identical to those of the trypsin cleavage product of rNV capsid protein.
Only soluble rNV capsid protein is susceptible to trypsin cleavage. We next examined the effect of trypsin cleavage on rNV particle integrity. Specifically, we asked if the 32K cleavage product remained associated with particles or if the capsid protein was simply converted into soluble protein. For these experiments, the trypsin digestion was performed with trypsin attached to beaded agarose to facilitate removal of the enzyme following proteolytic digestion. Trypsin-treated rNV protein or buffer-treated controls then were analyzed by sucrose gradient centrifugation. SDS-PAGE analysis of fractions collected from each gradient showed that for trypsin-treated rNV, the 32K cleavage product was detected only in the top fractions of the gradients containing soluble protein, suggesting that this product was not particle associated (Fig. 3B) . However, for the buffer-treated rNV control, a significant amount of soluble 58K protein also was present in the top of the gradient (Fig. 3A) . This was not surprising, as previously we had observed that some rNV particles are converted to soluble protein as a consequence of ultracentrifugation during rNV purification procedures (15a). Because some uncleaved 58K protein was present in the fractions containing intact rNV particles when the 32K product was in the soluble fraction (Fig. 3B) , we next asked if both the soluble and particle-associated 58K proteins were susceptible to trypsin cleavage. To address this question, rNV particles were subjected to sucrose gradient centrifuga- 
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tion to separate the 58K soluble protein from the 58K protein in assembled particles. Fraction 9 (Fig. 3A) , containing the particle-associated 58K protein, and fraction 2 (Fig. 3A) , containing only soluble 58K protein, were each treated with 10 g of trypsin per ml for 30 min at 37ЊC, and the reaction mixtures were electrophoresed on polyacrylamide gels. The results showed that the rNV capsid protein from the particle fraction of the gradient was resistant to trypsin cleavage, while trypsin treatment of the soluble 58K protein produced the 32K cleavage product (Fig. 3C) . The trypsin cleavage site is conserved among other human caliciviruses. Subsequent to the cloning and sequencing of the NV genome, there has been a rapid increase in the number of sequences available for the capsid proteins of other Norwalklike viruses (4, 12, (24) (25) (26) 40) . Sequence alignments of capsid proteins from different strains show regions of sequence conservation and divergence that essentially correspond to those defined for the capsid proteins of animal caliciviruses (32) . The largest number of conserved amino acids is found in region 1 between aa 1 and 280 (8, 26) . Alignment of the amino acid sequences of available Norwalk-like viruses in the region where the trypsin cleavage occurs (aa 199 to 245) shows that the lysine residue at position 227 is conserved in all but one human calicivirus sequenced to date (Fig. 4B) . The one exception is the recently described Bristol virus (14) , which has an arginine at this position, still a site for trypsin-specific activity. Alignment with animal caliciviruses for which capsid sequences are available shows this residue to be conserved in San Miguel sea lion virus serotypes 1 and 4 (32) but not in feline calicivirus or rabbit hemorrhagic disease virus (5, 29) . This alignment also shows that the N-terminal 3 amino acid residues of the 34K product detected in recombinant baculovirus-infected cell lysates (aa 219 to 221) are completely conserved among the human caliciviruses. The amino acid residue at position 218, the C terminus at which the cleavage producing the 34K product presumably occurs, is a phenylalanine. This phenylalanine residue also is conserved among all of the human caliciviruses, with the exception of the Hawaii strain, which has a tyrosine residue at this position. Both of these residues are potential sites for chymotrypsin cleavage.
DISCUSSION
For viruses that replicate on mucosal surfaces, and particularly in the gastrointestinal tract, proteolytic cleavage of outer capsid proteins often plays an important role in the replication cycle of the virus. Data obtained in this study show that the NV capsid protein also undergoes a specific proteolytic cleavage, and this cleavage product is the source of the soluble protein detected in stools of infected volunteers. The N terminus of the soluble protein immunoprecipitated from stool and that of the cleavage product generated by digestion of rNV protein in vitro are identical. The apparent molecular weight of the soluble protein previously was reported to be approximately 30,000, although the migration in polyacrylamide gels in this study was closer to 32,000. These slight differences in electrophoretic migration may simply reflect differences in SDS-PAGE conditions, or they may result from comigration of the antibody light chain used in the immunoprecipitation. Alternatively, there may be trimming of C-terminal residues of the capsid protein in vivo that makes it slightly smaller.
Our data also show that only soluble 58K rNV capsid protein is susceptible to trypsin cleavage, while assembled rNV particles are resistant. Previous characterization of the rNV particles showed that they are stable at pH 3 for 10 min but that they are not stable at pH 10 (18) . We have further determined Numbering is according to that for the NV sequence. The bold arrow indicates the site of trypsin cleavage conserved among these viruses. The light arrow shows the cleavage site that produces a 34K product in recombinant baculovirus-infected cell lysates as described previously (18) . Alignments were generated by using the PILEUP program of the Genetics Computer Group (9) . that the rNV particles are not stable at pH 8.5 (data not shown), the pH of the buffer used in the initial trypsin digestions. At this pH, the assembled 58K protein unfolds into soluble protein. This observation is consistent with complete conversion of the full-length protein to the 32K cleavage product as the particles unfold under alkaline conditions. It is estimated that as much as 50% of the NV antigen excreted in stool is soluble protein (10, 15) , making it necessary to perform immunoelectron microscopy to detect NV particles. We have shown that the soluble protein in stool is a specific cleavage product of the capsid protein; therefore, it is possible that the events leading to cleavage of the NV capsid protein in vivo mimic those observed in vitro with the 58K rNV capsid protein.
It may be that a large percentage of the NV released from infected cells is dissociated as it is excreted into a more alkaline environment in the intestine. This dissociation and cleavage would explain the paucity of NV particles detectable by electron microscopy. Because the cleavage occurs at a specific site, it also is likely that the soluble protein remains folded in some structural form such that the other 16 potential trypsin cleavage sites present in the linear sequence are not exposed.
Because assembled rNV particles are resistant to trypsin digestion, proteolytic cleavage is probably not important for the infectivity of the virus, but the large amount of soluble protein produced may have an effect on the immune response to NV and the pathophysiology of infection. A recent clinical study has confirmed and extended the results of early studies of NV infection in volunteers (10, 20) , showing that the presence of preexisting antibody generally does not correlate with resistance to disease and that higher levels of antibody correlate with disease susceptibility (10) . Furthermore, the risk of both infection and illness following challenge with NV was higher for volunteers who possessed prechallenge antibody, and the levels of immunoglobulin G, immunoglobulin A, and immunoglobulin M in prechallenge serum were higher for those who developed infection or illness (39) . What role the soluble protein plays in the biologic consequences of NV infection is not clear, but it may influence the immune response and clinical outcome of NV infection.
One possibility is that a large amount of soluble protein induces antibodies that are nonneutralizing, and these may be the predominant antibodies produced following infection with NV. This would offer an explanation for the absence of a protective effect of prechallenge antibody. What region of the NV capsid protein induces neutralizing antibodies is not known because of the lack of an in vitro virus neutralization assay. The three-dimensional structure of rNV particles has been determined to a resolution of 22 Å (2.2 nm) by electron cryomicroscopy and computer image processing (35) . It has been proposed on the basis of similarities with other Tϭ3 single-stranded RNA viruses that the N-terminal 250 amino acid residues make up a shell domain (S) and that the remaining C-terminal residues form the arch-like protruding domains (P1 and P2). It may be that neutralizing antibodies are mainly directed to the S domain and nonneutralizing antibodies are mainly directed to the arches. This idea is consistent with the 32K trypsin cleavage product containing the C terminus of the capsid protein. If the structural predictions for the region of the linear amino acid sequence that makes up the shell domain are correct, then the trypsin cleavage site at amino acid residue 227 would be buried in assembled particles and not accessible to cleavage. It is likely that the trypsin cleavage site becomes exposed as particles swell or unfold under alkaline conditions. Trypsin cleavage of rNV capsid protein in vitro results in degradation of the N terminus to products with lower molecular weights, and this is likely what happens to the N terminus of the capsid protein in vivo, since only the C-terminal 32K cleavage product was found as soluble protein in stool extracts.
A second possibility is that a rapid and amplified secondary antibody response to the soluble protein directs an immune system-mediated pathology that results in the clinical manifestations of NV infection. However, the question of why some individuals who lack or have lower levels of preexisting antibody get infected and become ill still remains. It would be of interest to see if those individuals who were asymptomatic but shed virus as determined by enzyme-linked immunosorbent assay (10) excreted larger numbers of virus particles and less soluble protein than those individuals with gastroenteritis. Worth noting are studies that have shown a positive correlation between the presence of preexisting serum antibody and resistance to NV infection in children in the Third World (2, 36). These results might reflect different physiological conditions of the gut that result in a lower level of virus dissociation and subsequently a smaller amount of soluble protein. Interestingly, more particles are often seen in children than in adults (8a). Since volunteer studies of NV infection have involved only adults, the conflict in these results may reside in differences between the two age groups. Finally, it has been suggested that the susceptibility to NV infection may be genetically determined, and this explanation cannot be ruled out (21) .
The complete conservation of the trypsin cleavage site in all of the human caliciviruses sequenced to date suggests that there is a biologic role for the soluble protein. Definitive studies to address this question will be difficult in the absence of an animal model or cell culture system for the human caliciviruses.
